WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• Lowered plasma concentrations of artesunate have been reported in uncomplicated malaria in pregnancy which could risk the life of the mother and fetus.
• The reason for lowered plasma concentrations in pregnancy is unexplained. • Oral artesunate is hydrolyzed rapidly in the stomach to the biologically active metabolite dihyroartemisinin.
WHAT THIS STUDY ADDS
• Following i.v. artesunate administration for malaria in pregnancy the disposition of artesunate and dihydroartemisinin were similar to controls (the same women studied post partum without malaria). • Higher concentrations of artesunate and dihydroartemisinin were observed after oral administration i.e the disease reduced the pre-systemic metabolism of artesunate.
• This study did not confirm previous reports and is reassuring regarding current dosing for artesunate in pregnancy.
AIM
To determine if reported lower plasma concentrations of artemisinin derivatives for malaria in pregnancy result from reduced oral bioavailability, expanded volume of distribution or increased clearance.
METHODS
In a sequentially assigned crossover treatment study, pregnant women with uncomplicated falciparum malaria received i.v. artesunate (i.v. ARS) (4 mg kg -1 ) on the first day and oral ARS (4 mg kg -1 ) on the second, or, oral on the first and i.v. on the second, in both groups followed by oral ARS (4 mg kg -1 day -1
) for 5 days. Plasma concentrations of ARS and dihyroartemisinin (DHA) were measured by liquid chromatography-mass-spectrometry on days 0, 1, 2 and 6. Controls were the same women restudied when healthy (3 months post partum).
Introduction
The pharmacokinetic properties of many antimalarials are altered during pregnancy [1] . There is often an expanded apparent volume of distribution and increased clearance resulting in lower drug exposure which contributes to higher treatment failure rates. In low transmission settings treatment responses to antimalarial drug regimens are worse in pregnant women than in age-matched women from the same location who are not pregnant [2] .The artemisinin derivatives are now central to the treatment of falciparum malaria and artemisinin combination treatments are recommended in the second and third trimesters of pregnancy. Previous studies have suggested that plasma concentrations of the artemisinin derivatives and their common active metabolite dihydroartemisinin (DHA) are low in pregnancy [3, 4] . Finding the correct dose of artesunate (ARS) in pregnancy is necessary not only to obtain optimal cure rates for the individual patient but also to limit the emergence and spread of resistance [5] .
The recommendations for dosing of ARS and artemisinin based combination therapies were based initially on Chinese studies with different dosing durations and were modified by later pharmacodynamic assessments in nonimmune patients with uncomplicated falciparum malaria [6] . ARS is rapidly hydrolyzed in vivo to DHA which also has antimalarial activity [7] . There are three pharmacokinetic studies of artemisinin derivatives in pregnant women [4, 8, 9] . One reports ARS and DHA pharmacokinetics using liquid chromatography-mass-spectrometry (LC-MS) in 24 pregnant women with acute uncomplicated P. falciparum malaria treated with oral ARS 4 mg kg -1 day -1 (and atovaquone-proguanil) [4] . DHA maximum concentration and drug exposure were 4.2-and 1.8-fold lower in pregnant women compared with non-pregnant Thai adults (17 males, three females) with acute uncomplicated malaria given approximately half the dose (1.79 mg kg -1 ) [10] . The corresponding estimates of the apparent volumes of distribution and oral clearance were 2.3-and 2.7-fold higher in pregnant women compared with Thai adults [10] .Similar findings were reported for artemether given as artemether-lumefantrine (Coartem®) for uncomplicated P. falciparum [3, 4] . The maximum concentration and exposure for artemether were lower by approximately 1.9-and 3.2-fold and for DHA, 1.2 and 1.6 fold, in 13 pregnant women [3] compared with 25 adult male Thai patients with acute uncomplicated falciparum malaria [11] . The relative contributions of decreased absorption or increased clearance or volume of distribution to the reductions in plasma concentrations were not quantified. Furthermore the earlier studies were carried out before some major sources of preventable errors in measuring ARS and DHA were discovered [12] . Thermolability of ARS and DHA, haemolytic products related to sample collection and malaria infection in combination with organic solvents during sample processing have been shown to cause ex vivo degradation of ARS and DHA resulting in apparently lowered plasma concentrations [12] . Recently, two publications originating from a single study reported on the disposition of ARS and DHA comparing pregnant women with malaria, the same women post partum without malaria and a control group of non-pregnant women with malaria [8, 9] . The results were at odds depending on which group was used as a control. The non-compartmental pharmacokinetic analysis, showed DHA exposure to be less when comparing pregnant women with malaria and the same women studied post partum after oral ARS, but the difference was not statistically different [9] . However, when compared with non-pregnant controls with malaria, DHA exposure was significantly lower in pregnant women with malaria. The report using a population modelling approach excluded data from post partum women because of erratic ARS absorption, which made it difficult to identify a predictive structural model to describe the data. The analysis indicated a 42.3% increase in DHA clearance in pregnant women compared with non-pregnant controls. The authors concluded that dosing in pregnant women with malaria needed to be revised [8] .
The aim of this project was to characterize ARS and DHA pharmacokinetics definitively following intravenous administration of ARS and thereby determine whether reduced oral absorption or increased distribution and elimination affected plasma concentrations of ARS and DHA in pregnant women with uncomplicated P. falciparum infections.
Methods

Subjects
Twenty pregnant women (second and third trimester) with acute uncomplicated falciparum malaria, participated in the study after having given written informed consent or thumb print if the patient was unable to read or write. This study took place in the clinics of the Shoklo Malaria Research Unit on the North Western border of Thailand. Enrolment commenced in April 2008 and the last post partum sampling was in March 2009.
Since 1986, when malaria was the main cause of maternal death in this area, the Shoklo Malaria Research Unit has run a weekly antenatal clinic programme to detect and treat all parasitaemic episodes during pregnancy, to prevent malaria mortality and reduce morbidity [13] . Blood smears are taken for the detection of malaria parasites at each visit. At the time of protocol submission falciparum malaria in the second and third trimesters of pregnancy was routinely treated with a 7 day course of ARS. Anaemic women (haematocrit <25%) were not eligible for inclusion. 
Study design
Consecutively enrolled pregnant women were assigned alternatively to the two groups. Group daily for 5 days. Oral treatment was directly observed and given with water. The same women were restudied in a healthy state 3 months post partum and were prescribed the same treatment regimen.
In the post partum period women were followed monthly. At 3 months post partum, each woman was examined by a physician and screened for malaria. If she was unwell, e.g. malaria, or any other illness, this was treated and the sampling was postponed to a later date.
Sampling regimen
In group 1, 2 ml of blood was drawn at baseline on day 0 and then at 5, 15, 30, 60, 120, 180, 240 and 360 min after the i.v. dose and on day 1 at baseline and after the oral dose at 15, 30, 60, 90, 120, 180, 240 and 360 min.
In group 2, 2 ml of blood was drawn at baseline on day 0 and then at 15, 30, 60, 90, 120, 180, 240 and 360 min after the oral dose and at 5, 15, 30, 60, 120, 180, 240 and 360 min after the i.v. dose on day 1.
In both groups on day 6, 2 ml samples were obtained before (baseline) and after the oral dose at 60, 120 and 240 min.
Blood samples were collected into 2 ml tubes containing sodium fluoride/potassium oxalate as an anticoagulant. The tubes were pre-chilled on wet ice prior to use. After inverting the tube five to six times to ensure mixing the tube was placed directly back onto the wet ice and processed as soon as possible after collection.Whole blood was centrifuged at 4°C, 2000 g for 7 min to obtain plasma. Immediately after centrifugation, the plasma was transferred into a screw cap cryovial (Nalgene No. 5000 0012) and frozen in liquid nitrogen. The sampling and storage time were recorded and a note made in the case of visible haemolysis.
Samples were transferred to the main laboratory daily where they were stored at -80°C. After all samples were collected they were transferred on dry ice for ARS and DHA drug analysis at the Clinical Pharmacology Laboratory, MORU, Bangkok, Thailand [14] .. ARS and DHA were quantified with liquid chromatography-tandem massspectroscopy [14] . This analytical method has been validated according to USA FDA guidelines. As stipulated by USA FDA guidelines, quality control samples at low, middle and high concentration were analyzed within each analytical batch to ensure accuracy and precision during analysis. The total assay coefficients of variation were less than 8% at every level for this study. The lower limit of quantification (LLOQ) was 1.2 ng ml -1 for ARS and 2.0 ng ml -1 for DHA.
Pharmacokinetic analysis
Individual concentration-time data were evaluated using a non-compartmental analysis approach in WinNonlin version 5.0 (Pharsight Corporation, California, USA). Total drug exposure up to the last measured concentration (AUC(0,last)) was calculated using the linear trapezoidal method for ascending concentrations and the logarithmic trapezoidal method for descending concentrations. Drug exposure was extrapolated from the last observed concentration to time infinity by Clast/lZ for each individual subject to compute total drug exposure (AUC(0,•)). The terminal elimination half-life (t1/2) was estimated by log-linear regression of three to six concentrations in the terminal elimination phase. Maximum concentration (Cmax) and time to maximum concentration (tmax) were taken directly from the observed data. Apparent volume of distribution (VD) and clearance (CL) were computed individually according to standard procedures. Complete in vivo conversion of ARS into DHA was assumed and the administered dose of DHA was calculated by adjusting for the difference in molecular weight. Individual values of dose-adjusted total drug exposure after oral administration divided by doseadjusted total drug exposure after i.v. administration were used to calculate absolute oral bioavailability (F).
Individual pharmacokinetic parameter estimates and individual ARS and DHA concentrations at day 0, day 1 and day 6 were investigated in both pregnant and post partum women using data collected at the same time points (i.e. 1, 2, 4 and 6 h after dose) to evaluate the magnitude of metabolic auto-induction and/or a possible disease effect.
Statistical analysis
Pharmacokinetic parameter estimates for the pregnant women with malaria were compared with estimates for the same women when studied post partum and without malaria using the Wilcoxon matched-pairs signed-ranks test in STATA v.10. Individual ratios (pregnant : post partum) of parameter estimates for each woman were calculated and summarized to illustrate trends and the direction of significant differences. Comparisons were made using Mann-Whitney U-test for non-parametric data. All women were categorized into two groups 'mildly unwell' and 'moderately unwell' on the basis of admission laboratory and clinical findings. Women with raised (Ն25 th centile) plasma creatinine or blood urea nitrogen or raised (Ն25 th centile) liver function tests, including bilirubin (total or direct), aspartate aminotransferase or alanine aminotransferase, or fever (Ն37.5°C) and tachycardia (>100 beats min -1 ) were categorized as moderately unwell, and if none of these conditions was satisfied, mildly unwell.
Efficacy and safety assessment
A full medical history and examination (including obstetric evaluation) was carried out by a physician and a midwife. Gestational age of the pregnancy was obtained from a routine ultrasound obtained at the woman's first antenatal consultation and fetal viability confirmed by ultrasound. Complete blood count, biochemistry and parasite count were measured on admission. Blood smears (thin and thick films) were prepared using Giemsa staining and were read for 200 fields before being declared negative. Parasite densities were counted per 500 white blood cells or per 1000 red blood cells (RBC) and expressed as parasites per microlitre. A total of 200 high powered fields on the thick film were read before declaring a smear negative. All stages of the parasites were recorded (asexual and gametocytes).Three spots of blood on filter paper were obtained for PCR genotyping using the method described by Brockman and colleagues [15] using MSP1, MSP2 and GLURP to differentiate recrudescent and novel infections.
Daily malaria smears and temperature measurements were made for assessment of parasite clearance. Patients had a daily evaluation including: clinical and obstetric examination, drug administration and recording of subjective and objective side effects on a case record form.Thereafter women were seen weekly for 63 days or until delivery, whichever occurred later. Anaemia (haematocrit <30%) was screened for each week for 63 days and thereafter every second week. Anaemic women received ferrous sulphate and folic acid supplements.
In the case of reappearance of falciparum parasites during the follow-up period a PCR blood spot sample was obtained and the patient was treated with ARS (2 mg kg -1 day -1 ; 50 mg tablets Guilin Pharma, Guilin, Peoples Republic of China repackaged in Thailand by Atlantic Pharmaceuticals) and clindamycin (300 mg three times daily; 300 mg capsule from Siam Pharmaceutical Company Ltd, Bangkok, Thailand) both for 7 days and followed up weekly for 6 weeks or until delivery.
All women were asked to deliver in the Shoklo Malaria Research Unit obstetric facility and data on pregnancy outcomes were collected including gender, birth weight (Electronic SECA medical: scales, precision 10g) and labour complications. Each baby was examined by a trained physician for the presence of congenital abnormalities. Mothers and their babies were invited to monthly follow-up visits and their infants were assessed for motor and neurological development, according to the methods developed and validated at this site and described previously [16] .
Results
Twenty-one pregnant women were enrolled. One patient withdrew consent before any sampling or drug administration took place and she has not been included in the analysis. Women who received the oral drug first (group 2) were a mean of 6 years older and, as a consequence, had Moderately unwell (%) (n) 70% (7/10) 60% (6/10) 1.000 n.a n.a n.a
Data are median (range) or proportion % (n).
higher gravidity and parity ( Table 1 ). The remaining admission characteristics were not significantly different ( Table 1) . As expected women who returned for post partum sampling (malaria smear negative) had significantly lower temperature, pulse rate, respiratory rate, body mass index and higher blood pressure and haematocrit on individual paired testing (P < 0.05 for all, data not shown). Based on the criteria described above 13 women were in the moderately unwell group and seven were in the mildly unwell group. Apart from fever, which was one of the differentiating criteria, there were no other significant demographic differences between the two groups ( Table 1) .
Pharmacokinetics
ARS and DHA pharmacokinetics were well characterized in pregnant women with malaria and in the same women post partum in a healthy state, with the designed sampling schedule (Figures 1 and 2, Table 2A ,B). There were no significant differences in ARS or DHA pharmacokinetics between pregnant women with malaria compared with the same women restudied post partum in a healthy state after i.v. administration of ARS. By contrast after oral administration, pregnant women with malaria had significantly higher total drug exposure (AUC) than the same women post partum in a healthy state (PARS = 0.002, PDHA = 0.007) ( Table 2B ). The median absolute oral bioavailability (F%) assessed by comparison of AUCs following oral and i.v. administration was 21.7% for ARS and 77.0% for DHA in pregnant women with uncomplicated falciparum malaria (Table 2B ) compared with 9.9% for ARS (P = 0.046) and 72.7% for DHA (P = 0.033) in the the same women post partum in a healthy state (Table 2B ). This increased bioavailability resulted in significantly lower estimates for oral clearance (CL/F, PARS = 0.002, PDHA = 0.013) and apparent volume of distribution (V/F, PDHA = 0.0330) after oral administration (Table 2B ). The low bioavailability of ARS confirms a major pre-systemic metabolism and/or breakdown of ARS into DHA after oral administration.
There were no significant differences in derived ARS or DHA pharmacokinetic variables between day 0 and day 1 after i.v. or oral administration in pregnant women with 
Figure 1
Artesunate and dihydroartemisinin plasma concentration-time profiles in pregnant women with uncomplicated falciparum malaria and in the same women post partum in a healthy state malaria as illustrated for DHA (Table 3 ). There was a significantly lower total DHA exposure at day 6 compared with day 0 and day 1 after repeated oral administration of ARS in pregnant women with malaria ( Figure 2 , Table 3 ) which was not seen in the same women post partum in a healthy state.There were insufficient data points above the LOQ to perform a non-compartmental analysis for ARS but individual drug concentrations at day 0 and at day 1 compared with drug concentrations at day 6 show the same effect for ARS as for DHA in pregnant women with malaria. There were no significant differences in individual ARS concentrations at day 0 and at day 1 compared with day 6 for the same women post partum in a healthy state. These results suggest that a disease effect is a more likely explanation than metabolic auto-induction for the findings in the pregnant group with acute malaria. The antimalarial effect derives both from ARS and its metabolite DHA. There was a significantly higher combined drug exposure of ARS and DHA after oral (P < 0.001) and i.v. (P = 0.001) treatment in women who were moderately unwell compared with women who were mildly unwell (Table 4, Figure 3 ).
Efficacy and adverse effects
Of the 20 treated women eight remained free of parasites by day 63 of follow-up (median days 42 (7-68) days). The remainder had recurrence of malaria, although this was mainly P. vivax malaria: 10 P. vivax, one P. falciparum and one mixed (P. falciparum and P. vivax) infection. The median time to reappearance for P. falciparum (and mixed) infection was 35 (28-42) days and for P. vivax was 31 (21-56) days. Overall four of the 20 women had a reappearance of P. falciparum before day 63 but three of these women had a P. vivax infection before their P. falciparum infection. PCR genotyping of these P. falciparum infections confirmed that two were recrudescent and two were novel infections. Using survival analysis the cure rate by day 63 of ARS (4 mg kg -1 day -1 for 7 days) for P. falciparum infection was 86.9% (95% CI 69.8, 100) and for any reappearance of malaria was 29.6% (95% CI 5.1, 54.1). Fever clearance [median (range)] in the 10 women febrile on admission was rapid and similar for both groups: group 1 (i.v. first): 1 (1-2) vs. group 2 (oral first): 1(1) day, P = 0.414. Parasite clearance was also rapid and not significantly different: group 1, 2 (1-4) days vs. group 2, 1 (1-2) days, P = 0.084. The parasite clearance time was 1.5 (1-4) days in the 16 women without recrudescence vs. 2.5 days (1-4) in the two women with PCR confirmed recrudescence, P = 0.587. There were no suspected drug related adverse events. Symptoms on admission (headache 85.0%, joint pain, dizziness and fatigue 75% and anorexia 60.0%) all resolved rapidly with treatment. The treatment was very well tolerated and no significant side effects were reported. One patient was transfused on day 7 for severe anaemia as her haematocrit fell from 25% on admission to 18% on day 6. After excluding women with haematocrit values taken on or after a reappearance or transfusion, the median (range) difference in haematocrit was significantly lower than baseline at day 7, -2.2 (-7.0 to 8.0)%, P = 0.019, but was significantly higher than baseline by day 35, +2.0 (0 to 5.0)%, P = 0.042.
White blood cell and platelet count [median (range) (¥10 3 /ml)] improved significantly from day 0 to day 14: 6.2 (1.5-9.7) vs. 9.6 (6.8-17.1), P = 0.001; 130 (39-278) vs. 284 (24-492), P = 0.002. No adverse effect on biochemical parameters was observed following treatment (data not shown).
Pregnancy outcome
Three women were lost to follow-up before the outcome of pregnancy was known. The remaining 17 women all delivered live born, normal, singleton babies at a median gestation of 39.2 (35.6-41.5) weeks. There were 11.8% (2/17) premature births. Most of these infants 59% (10/17) were born at home. All 17 babies were weighed but only seven were weighed within 72 h of birth. They had a median birth weight of 2680 (2300-3530) g and 29% (2/7) were of low birth weight (<2500 g). No congenital abnormalities were detected by newborn examination. One infant went back to Myanmar after delivery, 12 of the remaining 16 were followed up to 1 year and four were lost to follow-up after 4, 6, 10 and 11 months. All infants had achieved normal developmental milestones at their last assessment.
Discussion
This is the most detailed examination of the pharmacokinetic properties of ARS in pregnancy conducted to date and it shows that the effects of malaria on oral drug disposition are greater than those of pregnancy. Following oral administration of ARS plasma concentrations of ARS and its main biologically active metabolite, DHA, were higher in pregnant women with acute malaria compared with those in the same women post partum in a healthy state. This was because of increased oral bioavailability, which confirms that acute malaria substantially reduces the pre-systemic biotransformation of ARS. Oral ARS is hydrolyzed rapidly in the stomach to the biologically active metabolite DHA and this is inactivated by glucuronidation. DHA concentrations were increased as well suggesting a disease related reduction in first-pass glucuronidation. This was reinforced by the significant reduction in plasma concentrations on day 6 observed in acute malaria (when there had been considerable recovery) but not in the same subjects studied in the post partum period when healthy (Table 3) . This argues for a disease effect and not an effect related to autoinduction of metabolism, although in this study precise separation of the effects of disease and pregnancy was not possible. The pharmacokinetic properties of i.v. ARS overall were similar in pregnancy and in the same women post partum in a healthy state and neither pregnancy nor disease had a major effect on the disposition of ARS or DHA. However assessment of pharmacokinetic variables by disease severity showed a significantly higher drug exposure in the group of women who were more unwell indicating that disease severity does reduce drug clearance. This is reassuring for the treatment of severe malaria in pregnancy with parenteral ARS as there had been concern, based on earlier studies, that drug concentrations and therefore therapeutic responses might be reduced and doses might have to be increased. From a therapeutic standpoint ARS can be considered as a pro-drug contributing only a small proportion of the overall parasiticidal effect. ARS is readily hydrolyzed at acid and neutral pH to the active metabolite DHA, and the active metabolite is inactivated by pre-systemic glucuronidation. Concentrations of both parent compound and metabolite are increased in acute malaria [10, 17] . A large portion of orally administered ARS is hydrolyzed in the stomach and absorbed as DHA. In this study the plasma exposure of ARS following oral administration was approximately four times lower than that following i.v. administration. Elimination of ARS from the blood following oral administration is determined by the rate of absorption. This reflected in an approximately three fold longer terminal elimination half-life after oral administration (i.e. flip-flop kinetics). However, this difference in terminal elimination half-life might be an artifact of more data below the limit of quantification after i.v. administration compared with oral administration biasing the loglinear regression. This might also explain the lack of a significant difference in ARS volume of distribution in pregnant and non-pregnant women after oral administration. Following i.v. administration in women post partum in a healthy state, median clearance of ARS was 213 l h (and is reduced in acute malaria [18] ). This suggests that the majority of clearance is through de-esterification and degradation in the blood. However in terms of therapeutic responses it is the DHA concentrations which contribute the majority of effect and these were relatively unaffected.
This study did not confirm previous reports that plasma concentrations of the artemisinin derivatives were substantially reduced in pregnant women with acute malaria [3, 4] . Both of the previous reports compared concentrations in uncomplicated malaria in pregnancy to nonpregnant adult concentrations. Furthermore drug concentrations were quantified with a different method from that in this study. It is possible therefore that methodological problems related to drug analysis may have contributed to the differences between the earlier studies and the results of the present study. Plasma concentrations of both ARS and dihydroartemisinin may be apparently reduced in acute malaria if there are haemolytic blood products (which are usual in malaria) in the sample and the analytical method fails to compensate for ex vivo decomposition of the peroxides [12] . The data from the present study are reassuring regarding current dosing recommendations for ARS in pregnancy. This study identifies the cause of altered ARS pharmacokinetics in acute malaria in Table 3 Statistical comparison of DHA pharmacokinetics between day 0 and day 1 vs. day 6 after oral administration of artesunate in pregnant women with uncomplicated malaria and in the same women post partum in a healthy state* pregnancy as a disease related reduction in pre-systemic metabolism.
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Figure 3
Combined drug exposure of ARS and DHA to illustrate antimalarial effect concentrations in pregnant women treated with intravenous and oral artesunate who were mildly or moderately unwell with uncomplicated malaria
